apoptosis and eventual tumour formation (reviewed in 1,2).
Induction of liver cancer by peroxisome proliferators
However, there is little evidence that these adverse growth such as nafenopin is frequently associated with increased effects occur in humans (reviewed in 3) although humans liver growth, increased DNA synthesis and suppression do respond to the beneficial effects of fibrate drugs (reviewed of apoptosis. The cytokine, tumour necrosis factor α in 4). The growth effects of PPs in vivo have been modelled (TNFα), and non-parenchymal liver cells have been in hepatocytes in vitro. PPs do not stimulate DNA synthesis implicated in mediating the hepatic response to peroxior suppress apoptosis in cultured human hepatocytes in vitro some proliferators. Here, we have investigated the (5, 6 ). In contrast, in rodent hepatocytes, PPs stimulate DNA dependency of the hepatocyte response to peroxisome synthesis and cause suppression of both spontaneous apoptosis proliferators on non-parenchymal cells, a major source and that induced by the physiological negative growth of hepatic cytokines. Addition of non-parenchymal cells, or regulator, transforming growth factor β 1 (TGF-β 1 ) (7). In conditioned medium from non-parenchymal cell cultures, the light of potential human exposure to these rodent increased DNA synthesis (220% and 270% of control, hepatocarcinogens, a better understanding of the mechanism respectively) and suppressed transforming growth factor of rodent carcinogenesis is important in accurate evaluation β 1 -induced hepatocyte apoptosis (32% and 54% of of the potential risk of PPs to humans.
control, respectively). Removal of non-parenchymal cells
The rodent response to PPs is mediated by the peroxisome from normal hepatocyte cultures prevented both the proliferator activated receptor α (PPARα) since in PPARα-nafenopin-and TNFα-induced increase in DNA synthesis null mice, PPs were unable to elicit liver growth, DNA and suppression of hepatocyte apoptosis; this response synthesis, peroxisome proliferation or liver tumours was restored by returning non-parenchymal cells to the (8-10). In addition, PPs did not increase DNA synthesis, purified hepatocytes. TNFα was detected in the medium suppress apoptosis or induce peroxisome proliferation in of non-parenchymal cell (3-15 pg/ml) and normal PPARα-null hepatocytes in vitro (11,12). Liver growth is hepatocyte cultures (25-100 pg/ml) by bioassay using tightly regulated by growth factors such as hepatocyte L929 cells. However, the contribution of TNFα released growth factor and epidermal growth factor together with from non-parenchymal cells was small compared with cytokines such as interleukin 1α (IL-1α), interleukin 6 and that released spontaneously by hepatocytes. Nafenopin tumour necrosis factor α (TNFα; 13). TNFα is essential significantly increased the release of TNFα from nonfor liver regeneration; Akerman et al. (14) have shown that parenchymal cells to 56 ⍨ 18 pg/ml, but had little blocking TNFα activity with an anti-TNFα antibody prevents effect on TNFα release by hepatocytes. However, the liver regeneration. Additionally, liver regeneration is reduced concentration of exogenous TNFα required to elicit a in transgenic mice deficient in the receptor TNFR1 (15). response in hepatocytes was 100 pg/ml and above. These However, others suggest that the hepatic response to nondata provide evidence that hepatic non-parenchymal cells genotoxic carcinogens is unaltered in TNFR-null mice (16). are permissive for the growth response of hepatocytes
In vitro, the rodent hepatocyte growth response to PPs can in vitro to peroxisome proliferators and this may be be prevented by either neutralizing TNFα or blocking the mediated, at least in part by TNFα. However, the levels receptor TNFR1. Additionally, TNFα has been shown to of TNFα released spontaneously or in response to mimic the PP-induced growth effects (17-19). TNFα has peroxisome proliferators are insufficient per se to induce also been implicated in mediating the rodent response to a growth response.
the PP, Wyeth-14,643 (20; reviewed in 21,22 Figure 1A and B shows the presence
Cell preparation
of Kupffer cells, visualized by phagocytosis of colloidal Cells were isolated from the livers of male Fischer 344 rats using a twocarbon and stellate cells in hepatocyte monolayers after 48 stage collagenase perfusion technique as described previously (25) . The resultant cell suspension was centrifuged (at 50 ϫ g for 2 min) and the h in culture. Hepatocyte preparations contained 18% Ϯ 3% hepatocyte pellet was washed and cells cultured as described previously NPCs whilst in vivo NPC represent~40% of the liver cells. respectively; Figure 2A and B). Addition of the medium Hepatocytes and NPCs were cultured in William's medium supplemented from NPC cultures increased DNA synthesis and suppressed with 10% fetal calf serum (heat-inactivated), 10 µg/ml insulin, 0.1 mM hepatocyte apoptosis in the absence of additional NPCs hydrocortisone, 2 mM L-glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin. Cultures were maintained at 37°C in a humidified atmosphere.
(270% and 54% of control respectively), suggesting that a
To determine the effect of NPCs and NPC medium on hepatocytes, medium soluble factor is involved. hepatocyte apoptosis in these NPC-depleted hepatocyte Measurement of DNA synthesis cultures ( Figure 3) . Reconstitution of the 'original' hepatocyte DNA synthesis was determined as described previously (7). Cells were culture by re-addition of NPCs to the hepatocytes restored dosed after 24 h in culture and DNA synthesis determined by incorporation of BrdU during a 16 h labelling window 32-48 h after plating. Cells were the hepatocyte response to nafenopin since nafenopin was fixed at 48 h and incorporated BrdU was localized using an anti-BrdU able to stimulate DNA synthesis and suppress apoptosis antibody followed by a peroxidase-linked secondary antibody and DAB ( Figure 3) . Interestingly, re-addition of NPCs also restored substrate. Replicative DNA synthesis was measured by scoring the the background rate of DNA synthesis, suggesting that percentage of labelled nuclei. One thousand cells were counted per flask.
NPCs produce both inhibitory and stimulatory factors to
Measurement of apoptosis regulate hepatocyte growth. The slightly higher viability of Spontaneous and/or TGFβ 1 -induced apoptosis were determined as described pure hepatocytes may also contribute to the higher rate of previously (7). Apoptosis was determined after 48 h exposure to test chemical by staining with Hoechst 33258 (5 ng/ml). For TGFβ-induced spontaneous DNA synthesis in pure hepatocyte cultures. To apoptosis, TGFβ 1 (5 ng/ml) was added after 24 h exposure to chemical.
confirm that DNA synthesis can be induced in pure Cells were fixed after 72 h in culture and apoptotic cells were identified hepatocytes despite the higher background level we examined as those with brightly staining, condensed chromatin. Where one apoptotic the effect of the mitogen, epidermal growth factor (EGF).
hepatocyte had generated multiple apoptotic bodies, this was scored as one apoptotic cell. One thousand cells were counted per flask.
EGF increased the rate of DNA synthesis in purified hepatocytes, demonstrating their integrity and ability to Measurement of TNFα respond to a mitogenic stimulus (Table I) . EGF also TNFα activity was determined in culture medium taken from normal hepatocyte, NPCs and pure hepatocyte cultures at a range of time points increased the rate of DNA synthesis in purified hepatocytes during the 48 h culture period. TNFα activity was measured in L929 cells after reconstitution with NPCs or addition of medium from (mouse fibroblast cell line) as described previously (27) . The standard NPCs. NPCs are an important component of liver, comprising curve was modified to include a range of known concentrations (0-1000 40% of liver cells in vivo and ഛ20% of a normal hepatocyte pg/ml) of rat TNFα. L929 cells were preincubated for 1 h with actinomycin D (6 µg/ml) and for a further 24 h in the presence of sample medium or culture. To understand the effect of nafenopin in the liver, 
The cytokines TNFα and IL-1α do not induce DNA synthesis in purified hepatocytes
Addition of TNFα to NPC-depleted cultures at levels shown to elicit a robust response in normal cultures (25 000 pg/ ml) did not induce DNA synthesis or suppress apoptosis ( Figure 4A and B) . In addition, TNFα in combination with nafenopin did not increase DNA synthesis in pure hepatocytes, (2.0% Ϯ 0.6% and 3.6% Ϯ 0.7% cells in S-phase for TNFαϩIL-1α and control, respectively). The lack of response in combination with TNFα and/or nafenopin on DNA synthesis in pure hepatocytes. IL-1α either alone or in combination with TNFα did not induce DNA synthesis in pure hepatocytes (2.1% Ϯ 0.9%, 2.6% Ϯ 0.4% and 3.6% Ϯ 0.7% cells in S-phase for IL-1α alone, IL-1α ϩTNFα it is important to assess DNA synthesis and apoptosis in control and nafenopin-treated NPCs. In cultures of NPCs and control, respectively). Furthermore, IL-1α either alone or in combination with TNFα did not restore the response the spontaneous rate of DNA synthesis was high and was not increased by EGF or nafenopin; likewise, spontaneous to nafenopin (2.0% Ϯ 0.5%, 2.0% Ϯ 0.4% and 3.6% Ϯ 0.7% cells in S-phase for IL-1α ϩnafenopin, ILapoptosis was low and was not reduced by EGF or nafenopin (Table II) .
1αϩTNFαϩnafenopin and control, respectively). NPCs concentrations of TNFα and concentrations of Ͻ100 pg/ml had no effect on DNA synthesis or apoptosis. These data at a threshold of~100 pg/ml.
TNFα is released by non-parenchymal cells and by hepatocytes
NPCs released a low background level of TNFα into the culture medium (ഛ15 pg/ml medium; Figure 5 ). The produce a complex mixture of many cytokines and growth factors; however, medium collected from NPC cultures did concentration of TNFα was increased by exposure of cultured NPCs to nafenopin. The response appeared to be not restore the response of purified hepatocytes to nafenopin
We have shown that hepatocyte cultures, which are frequently used to study growth responses, contain NPCs in proportions varying between preparations but sometimes as high as 20%. Removal of these NPCs increased DNA synthesis suggesting that NPCs may release inhibitory factors to restrict DNA synthesis in untreated hepatocytes. Addition of extra NPCs to normal hepatocyte cultures that already contain NPCs also increased the background rate of DNA synthesis and suppressed apoptosis. These data demonstrate that changing the ratio of NPCs and hepatocytes can upor down-regulate hepatocyte growth and suggest that NPCs play an important role in maintaining hepatocyte homeostasis. Since medium from NPC cultures also increased DNA synthesis and suppressed apoptosis in the absence of NPCs, it is probable that soluble factors are involved. In normal hepatocyte cultures, nafenopin increased DNA synthesis and hepatocytes. In the absence of NPCs, the response to medium) is expressed as mean Ϯ SD; * and ** indicate statistical significance at P ഛ 0.05 or P ഛ 0.01, respectively. nafenopin was lost but could be restored by reconstitution of the original preparation. Thus, NPCs produce factor(s) which can regulate hepatocyte growth and are required for hepatocytes to respond to nafenopin.
NPCs are the major source of hepatic cytokines (23) and the cytokines IL-1 and TNFα are required for a growth biphasic; there was a rapid increase within the first 4 h of response to PPs, since antibodies to either cytokine prevent exposure to nafenopin; levels returned towards control after the hepatocyte response to PPs (18). Similarly, the non-16 h and started to increase for the second time after 24 h parenchymal Kupffer cells are reported to mediate the exposure. TNFα remained increased until ജ48 h after mitogenic effects of the PP, Wyeth 14,643 (21,28). Therefore addition of nafenopin. TNFα release was much higher in it seems likely that NPCs in hepatocyte cultures release untreated normal hepatocyte cultures than in NPCs. In cytokines which are required for, but not responsible for, hepatocyte cultures the concentration of TNFα (25-100 pg/ PP-induced growth response. We have shown that nafenopin ml) varied between time points and hepatocyte preparation. stimulated the release of the cytokine TNFα from NPCs Nafenopin caused a small increase over control, which was but not from hepatocytes. However, the concentration of statistically significant at some time points ( Figure 5 ). The TNFα released (Ͻ60 pg/ml) was very low compared with largest increase, 1.5-fold, was detected 8 h after dosing and that in untreated hepatocytes, and nafenopin did not stimulate therefore preceded the nafenopin-induced increase in DNA TNFα release by hepatocytes. These results are consistent synthesis (measured 8-24 h after dosing) and apoptosis (48 with the lack of nafenopin-induced TNFα mRNA in vivo h after dosing). In contrast to nafenopin, lipopolysaccharide or in vitro (29, 30) . Furthermore the PP Wyeth-14,643 did (50 ng/ml) used as a positive control caused a 4-fold not increase hepatocyte mRNA or serum concentration of increase in TNFα concentration at 24 h. Low levels of TNFα in vivo despite increased TNFα mRNA levels in TNFα (69 Ϯ 9 pg/ml) were detected in purified hepatocytes, Kupffer cells (19,31) and Wyeth-14,643 did induce cell but only after prolonged culture.
proliferation in TNFα-null mice (32) . Together these data suggest that increased TNFα production by NPCs is unlikely Discussion to mediate the hepatocyte response to nafenopin. High concentrations of exogenous TNFα (25 000 pg/ml) Induction of DNA synthesis and suppression of apoptosis by PPs, such as nafenopin, has been associated with can induce DNA synthesis and suppress apoptosis (17); however, the effects of lower levels seen in response to subsequent rodent tumourigenesis (reviewed in 1,2). The signalling pathway is not understood, although TNFα is nafenopin had not been examined. We have shown here that a threshold concentration (~100 pg/ml) is required for clearly implicated in the hepatocyte growth response to PPs (20). TNFα signalling is required for PP-induced growth a response suggesting that the low levels of TNFα released by NPCs in response to nafenopin are unlikely to elicit a since blocking either TNFα or TNFR1 with antibodies prevented the nafenopin-induced growth response in vitro growth response. Furthermore exogenous TNFα did not induce DNA synthesis or suppress apoptosis in purified (18,19). In addition, exogenous TNFα is able to elicit a growth response in hepatocytes in vitro similar to that hepatocytes in the absence of NPCs, although EGF did stimulate DNA synthesis in these cells. Therefore hepatocytes caused by nafenopin (17). Hepatic NPCs, the Kupffer and stellate cells, are the major site of cytokine production in respond to nafenopin in the presence of NPCs, but not to levels of TNFα expected to induce a response in normal the liver and have been implicated in the hepatocyte response to PPs. We have examined the role of NPCs in mediating hepatocytes. These data suggest that although NPCs produce some TNFα in response to nafenopin, TNFα alone is not the growth response to PPs and have examined the effect of nafenopin on TNFα production by both NPCs and sufficient to induce a response or mediate the hepatocyte response to PPs. A key candidate is IL-1α since antibodies hepatocytes. 
